Introduction
Anticancer Agents from Unique Natural Products Sources is a consortium of researchers from academia and industry organized in 1995 in response to a request for proposals by the National Cancer Institute to establish National Cooperative Drug Discovery Groups (NCDDGs). The goal of the consortium is to discover and develop novel anticancer agents from a variety of natural product sources. The underlying theme of this program is to integrate the discovery of novel biologically active natural products from organisms that inhabit unique ecological niches with mechanismdirected cancer biology. The rationale behind this approach is that chemical diversity stems from biological diversity and environmental pressures that select for unique genotypes. Also, new mechanism-based assays that target receptors or pathways that are over-or selectively expressed in cancer cells, will further select for novel chemotypes with potential utility in the treatment of human cancers. Figure 1 illustrates the current structure of the consortium. The basic units within the consortium have remained constant although some investigators within each of the units have changed. Additionally, the actual name of the industrial partner has changed twice during the lifetime of the program and one of the academic units moved from Cornell to Harvard. Professor Chris M. Ireland, University of Utah, is the Principal Investigator of the consortium and responsible for overall administration and coordination of effort between the programs and liaison with the NCI representatives Drs. Gordon Cragg and Yali Hallock. Dr. Ireland also directs a natural products drug discovery program focused on investigating the chemical diversity of marine invertebrate animals. Professor Jon Clardy, Harvard Medical School, directs a program to investigate the chemical diversity of plant-and insect-associated fungi. Professor Raymond J. Andersen, University of British Columbia, directs a program to investigate the chemical diversity of marine sponges. Drs. Guy T. Carter, Valerie S. Bernan and Michael Greenstein, Wyeth Research, direct a program to investigate the chemistry of marine microorganisms. They also serve as the interface for entry and tracking of NCDDG samples in Wyeth's High Throughput Screening system. Dr. Semiramis Ayral-Kaloustian, Wyeth Research, directs the medicinal chemistry team that provides synthesis and SAR support for the program. The centerpiece of the program is Wyeth's Oncology Group, under the guidance of Drs. Philip Frost and Lee Greenberger. The Oncology Group is responsible for all initial drug screening, development and validation of screening paradigms, and where appropriate, preclinical and clinical development studies.
Sampling natural products chemical diversity
As stated earlier, a fundamental tenet of the consortium is to integrate the discovery of novel chemical entities with mechanism-directed cancer biology. Part of the strategy to generate chemical diversity has been to focus natural products chemistry efforts on taxonomic groups that are underrepresented in the chemical literature and also organisms from unique habitats. In addition, as will be illustrated in detail later, we have employed a variety of molecular approaches to probe the genomes of microorganisms within our collections for the presence of biosynthetic pathways that make nonribosomal peptides and polyketides. To access diversity, the discovery programs have established collaborations worldwide. These collaborations are outlined in Figure 2 . Dr. Ireland's program involves collaborations with the University of the Philippines and the University of the South Pacific in the Fiji Islands to study marine organisms from those countries. Dr. Andersen's program has similar arrangements with universities in Brazil, Sri Lanka and Papua New Guinea. Dr. Clardy's program involves collaborations with Dr. Donna Gibson at the USDA-ARS to access the ARS Entomopathogenic Fungi (ARSEF) Culture Collection and Dr. Alice Churchill at the Boyce Thompson Institute to screen organisms in the ARSEF collection for specific secondary metabolic pathway genes.
Intellectual property
The penning of the Convention on Biological Diversity (CBD) (UN Convention on Biodiversity) at the 1992 United Nations convention in Rio de Janeiro ushered in a new era in natural products drug discovery and development. For the first time, the CBD called for recognition of the sovereign rights of countries to control utilization of their natural resources and genetic materials. The CBD also stipulated the importance of compensation to countries and indigenous populations for use of resources in the form of revenue sharing and technology transfer. Our consortium has actively embraced the principles of the CBD. The collaboration between the University of Utah (UU) and the University of the Philippines Marine Science Institute (UP-MSI) is presented here as an illustration of our approach to intellectual property (IP) and revenue sharing issues. At the outset of the program in 1995, an MOU was executed between UU and UP-MSI, which specified co-ownership of patents and equal sharing of revenues from IP. The foundation of this agreement, a requirement to validate co-authorship on patents, was that research had to be performed collaboratively at both institutions. The agreement also highlighted the importance of technology transfer and training opportunities for Filipino students and scientists. This agreement also recognized that funding was required to accomplish the goals of the MOU thus UP-MSI has been provided with an independent budget from NCDDG funds to support laboratory studies and scientific infrastructure. The agreement was renewed in 2003.
In 1997, the Philippines implemented new regulations regarding bio-prospecting, namely: 1) Executive Order EO 247: Prescribing Guidelines and Establishing a Regulatory Framework for the Prospecting of Biological and Genetic Resources, 2) Department Administrative Order DAO 96-20: Implementing Rules and Regulations of EO 247, and 3) DAO 97-27: Amendment of Section 15 (Transitory Provisions) of DAO 96-20 prohibiting issuance of gratuitous permits for bio-prospecting without a required academic/commercial research agreement. These new regulations mandated that a commercial research agreement (CRA) be obtained prior to any sample collection or bio-prospecting activity that involved a foreign collaborator. A CRA between the University of the Philippines-Marine Science Institute/University of Utah and a designated Philippine government agency, in this case, the Department of Agriculture-Bureau of Fisheries and Aquatic Resources (DA-BFAR) was signed in June 1998. This was the first CRA issued since the implementation of Executive Order 247 on bio-prospecting in the Philippines. To our knowledge this is one of only two CRAs that has been issued by the Philippine Government for marine bioprospecting to a group outside of the Philippines. Our CRA was renewed in 2003.
Similar agreements and budgets have been established for all collaborators in the NCDDG consortium. The first fruits of these agreements has been a revenue stream to the University of Papua New Guinea and Papua New Guinea's Biodiversity and Conservation authority PNGBioNET resulting from milestone payments under the licensing agreement between UBC and Wyeth to develop HTI-286 (29).
High throughput screening
The successful discovery of rare, novel therapeutic agents depends upon the rapid evaluation of large numbers of chemically diverse compounds in targeted, high-volume detection systems. All screens conducted at Wyeth employ state-of-theart technologies that are compatible with high-throughput, automated strategies. Assays, conducted in either cell-free or whole-cell formats, monitor receptor-ligand interactions, enzymatic activities, or markers for cellular integrity. Receptor-binding, labeled ligands and enzyme substrates and their products are assayed in high throughput schemes using scintillation proximity assay (SPA) methodologies, luminescence, fluorescence, and spectrophotometric analyses. Promoter-luciferase reporter readouts or other types of reporter systems are commonly used in a number of Wyeth's cell-based assays. Yeast two-hybrid and other cellular assays are used to address protein-protein interactions. New approaches employing microfluidics and capillary electrophoresis are also being applied to screening efforts. Although automation is being utilized in many companies, Wyeth has the unique advantage of testing a wide variety of diverse compounds including natural products, as well as computerized data basing capabilities for the rapid correlative analysis of results from a large number of screening systems.
A centralized automation group develops robotic methods for the implementation of detection systems for new bioactive compounds useful in all therapeutic areas at Wyeth Research. This group operates in facilities at both the Pearl River, NY and Princeton, NJ sites. This venture has required extensive collaboration between the automation group and scientists throughout the company. Target selection, detection system development and screen validation are conducted within each therapeutic area. Robotic schemes for these screening systems are then developed by the automation group, and after further validation, they are implemented for the evaluation of our collections of compounds and natural products extracts. The emphasis is upon the performance of assays from beginning to end with minimal human intervention, and the continuing evolution of robots with increased capabilities will extend automation to many complex assay systems. The benefit of these robotic systems is that they permit the rapid evaluation of many samples in many assays simultaneously. The voluminous data generated from these assays are directly transferred to a NAPIS ® Enterprise computerized database for analysis, storage, and retrieval. Further lead evaluation is conducted by the product area where the test system originated. However, semi-automated assays are always available to more fully evaluate samples, especially for dose titration and expanded profiling.
Screening paradigms
In 1995, the primary oncology screening model at Wyeth (then Cyanamid) was based on the use of a panel of human solid tumor cell lines. The Cyanamid diverse 26 cell line screen was a refinement of the NCI Disease Oriented Tumor Cell Line Drug Screen (Monks, 1991) . The NCI screen initially utilized a panel of 60 human tumor cell lines derived from seven cancer types (i.e., lung, colon, ovarian, leukemia, CNS, melanoma and renal), with their original impetus being to identify compounds with disease-specific activity (Boyd, 1989) . Given the current view that resistance is a dominant factor responsible for the failure of existing cancer drugs (Gottesman, 2002) , it may be more valid to screen compounds against cell lines with different resistance phenotypes rather than different tumor histotypes. This was one rationale employed by the Cyanamid screening program. A greater emphasis was placed on including human tumor cell lines that had been characterized for mechanisms of clinicallyinduced and/or intrinsic drug resistance (e.g., multidrug resistance, DNA repair, topoisomerase), in addition to including a diversity of tumor types. This diversity in resistance phenotypes is not reflected in screening models that rely on only one or a few cell lines or xenograft models. The rationale was that inclusion of clinically resistant cell lines would enable identification of compounds with activity against refractory cancers and would result in the selection of compounds with mechanisms of action different than previously identified using sensitive murine leukemia models.
Probably the most important result emanating from the NCI Disease Oriented Screen was the observation that compounds with similar mechanisms of action produced similar activity profiles against the 60 cell line screening panel (Boyd, 1989) . The ability to predict structure and mode of action on the basis of pattern of activity was the essential feature of the NCI screen we wished to preserve. A criterion for selecting cell lines (outlined below) was established that enabled us to retain the prognostic capacity of the NCI screen while using far fewer cell lines.
Cell line criteria and selection

Diverse tumor types
Cancer is composed of more than 200 distinct diseases, each with its own etiology and pathology, which is most closely related to the tissue of origin. Therefore, 23 cell lines were selected that represent some of the more common solid tumor types (i.e., colon, lung, breast, prostate, ovarian, melanoma) . Two human leukemia cell lines were included as a reference to help identify solid tumor selective compounds. A bFGFdependent bovine endothelial cell line was also incorporated into the screen as a representative "normal" cell line, with the added potential benefit of facilitating the identification of compounds with selective anti-angiogenic properties.
Diverse drug-resistant phenotypes
The mechanisms of cancer drug resistance are numerous and multifactorial (Kramer, 1993; Kramer, 1988) . Colon carcinomas are among the most resistant solid tumors, owing largely to the fact that these cancers are derived from the epithelial cells lining the intestine, a tissue exposed to high levels of ingested natural products and toxins. Thus colon carcinoma cells are a useful model for representing clinical cancer drug resistance (Kramer, 1993) . We have characterized the intrinsic drug-resistant properties of more than 20 different human colon carcinoma cell lines (Kramer, 1993) , and have included nine colon carcinoma cell lines that reflect a spectrum of clinically relevant resistant phenotypes. These include both P-glycoprotein dependent and independent mechanisms of resistance. P-glycoprotein independent lung and melanoma resistant cell lines were also included in the screen, as well as an ovarian carcinoma cell line established by selection with the clinically important DNA active agent, cisplatin. This cell line is resistant to most known DNA reactive compounds.
Cell kinetics
One explanation offered for the poor solid tumor performance of existing drugs is that the murine leukemia models used for identifying these agents have high growth fractions and short tumor doubling times compared to the majority of solid tumors. Thus, cell lines of varying doubling time were incorporated into the diverse cell screen. Methods of data analysis were developed that enable quantitation of the antiproliferative activity of test compounds against these slow growing cell lines.
Tumor progression/differentiation state
Cancer is a disease that progresses with time from a benign, relatively well-differentiated lesion to an aggressive poorly differentiated metastatic disease. These changes reflect cumulative perturbations/mutations/rearrangements of the cellular genome. Cell lines reflecting a spectrum of tumor progression were included in this screen.
Hormone/growth factor dependent
Cancer of the prostate and breast comprises between 25-33% of all adult cancers, and anti-hormonal therapies (e.g., tamoxifen) represent an important therapeutic niche. Hormone unresponsive variants of these diseases are more aggressive and have a poor prognosis. Prostate and breast carcinoma cell lines were characterized for androgen and estrogen growth dependency, and cell lines expressing either hormone dependent or independent phenotypes were included in the diverse cell screen. Similarly, growth factor antagonists are viewed as potential new therapeutic targets for cancer (e.g., Her2/neu, EGF, PDGF, bFGF). Cell lines were characterized for the: a) expression of growth factor receptors, and; b) the effect on cell proliferation of growth factors and/or antibodies directed against these growth factors. These studies served as the basis for selecting growth factor-responsive cell lines.
Oncogene/suppressor gene (OSG)
The identification of oncogenes/suppressor genes (Stehelin, 1976) and the studies that have led to an understanding of their role in tumor pathogenesis (Weinber, 1991) are among the most important developments in cancer biology. OSG expression in the diverse tumor cell line screening panel was initially investigated by literature search, and this was supplemented by Cyanamid's own ongoing research effort. Functional assessment of wild-type p53 function was established using radiation induced G1 arrest.
Mechanism/structure vs. Meangraph (MG) pattern
The potential value of this screening program was in its ability to relate a given mechanism or structural class to a unique profile of activity, i.e., MeanGraph pattern. In this way, unknown test compounds could be tentatively assigned to a given mechanistic or structural class on the basis of their pattern. Following this logic, novel compounds should generate novel patterns. In order to test this hypothesis, initial studies were conducted using a diverse spectrum of compounds with known mechanisms of action, including different classes of anticancer agents (e.g., intercalation, alkylation, antimetabolites, topoisomerase and microtubule inhibitors). Representative MG patterns generated by different classes of compounds are shown in Figure 3 . For example, the estrogen receptor antagonist 257 was 840-fold more active against an estrogen dependent breast carcinoma cell line (designated Breast 4), compared to the average cell response (i.e., the Mean IC 50 value of all 26 cell lines). Other compounds (e.g., paclitaxel) are known substrates for the drug efflux pump P-glycoprotein, and this property is clearly reflected in the pattern of resistance shown in Figure 3 , where the degree of paclitaxel resistance in each cell line is proportional to the level of P-glycoprotein expression. Other compounds that effect microtubule polymerization/depolymerization (i.e., vincristine, colchicine) produce similar MG patterns. Compounds that react with DNA topoisomerases generate a clearly recognizable MG pattern, as shown for VP-16 in Figure 3 . A cisplatin resistant cell line designated OvCa 1 in Figure 3 is used for predicting DNA reactivity. The ratio of IC 50 values (>10) in this cisplatin resistant cell line/parental sensitive cell line is prognostic of DNA reactivity. We have established that most clinically useful DNA active agents (e.g., cisplatin, adriamycin, etoposide) have cisplatin resistant/sensitive ratios between 10-100. An unanticipated cellular response was observed when testing the protein kinase C (PKC) agonist, TPA (phorbol ester). Several cell lines were found to be >1000-fold more sensitive to the antiproliferative effects of the TPA treatment. This observation prompted biochemical studies that established that the sensitive cell lines all expressed >10-fold higher levels of PKC activity. A series of TPA analogs (e.g., teleocidin, lyngbyatoxin) were all found to produce "TPA-like" MG patterns that differed only with respect to potency. These results demonstrate that the Cyanamid diverse 26-cell line screen was able to predict structure and mechanism.
Molecular targets
Since 1995, the Oncology Department at Wyeth moved to molecular targeting and implemented screens for inhibitors of protein kinases, cell cycle, transcription, and translation. Combined with advances in robotics, these screens are capable of identifying active molecules from a library of greater than 500,000 compounds in three months. The utility of the mechanism-based approach is based on its rationale, speed, and its proven track record to yield novel drugs with potential clinical utility. Since it is impossible to investigate all known molecular mechanisms that govern cancer growth, the Oncology Department selected molecular targets based on:
1. An association of the overexpression, mutation, deletion and/or change in function of the target with the development of cancer in humans. In many cases, the correlation with cancer has been made between the alteration in the target and patient prognosis or treatment outcome. 2. Demonstrable changes of the target with increased proliferation or increased chemosensitivity of human tumors in tissue culture or animals. For example, overexpression of the proto-oncogene, HER2, in tumor cells stimulates the growth of transfected cells in culture and confers sensitivity to EGFR kinase inhibitors. 3. A clear association of inhibition of molecular pathway(s) with inhibitory effects on tumor growth in animals. For example, we have recently shown that an analog of rapamycin inhibits tumor growth (Gibbons, 1999) . Rapamycin inhibits protein translation. Therefore, we have directed our efforts toward inhibiting molecular targets involved in protein translation.
Using these guidelines, the Wyeth Oncology Department implemented 11 screens for kinase inhibitors, and screens for 1) the inhibition of the activity and/or expression of metalloproteinases, 2) compounds that overcome unregulated growth due to loss of cell cycle control, 3) proteins that act downstream of the mutated APC gene in colon cancer, 4) inhibitors of a protease essential for signaling through receptor tyrosine kinases, and 5) inhibitors of the target of rapamycin (TOR) pathway.
Inhibitors of kinases
Protein kinases compose one of the largest superfamilies of eukaryotic proteins. Approximately 400 proteins have been identified and another 600 genes are likely to exist in the genome (Hanks, 1995) . These enzymes transfer a phosphate from ATP to serine, threonine, or tyrosine residues. A similar catalytic domain consisting of 250-300 amino acids relates the proteins. While broad-spectrum inhibitors of protein kinases may have utility, our working hypothesis is that selective inhibitors of kinases relevant to cancer would be the most useful. Therefore, we have attempted to identify potent and selective inhibitors of certain kinases that are effective in our animal models. Tyrosine kinases are enzymes that regulate signal transduction in cells leading to mitogenesis, cell movement, apoptosis and other cellular functions (Strawn, 1998) . Both membrane-bound kinases that contain extracellular ligand-binding domains (so-called receptor tyrosine kinases or RTKs) and cytoplasmic kinases are in the screening panel. RTKs are of particular interest since aberrant activity in many of these proteins is linked to oncogenesis and other proliferative diseases including psoriasis, atherosclerosis, and restenosis (Gibbs, 2000) . In the non-diseased state, ligand binding to RTKs induces receptor dimerization. The dimerized receptor then undergoes a conformation change leading to activation of the catalytic domain in the receptor. Upon enzymatic activation, tyrosine phosphorylation of the receptor (autophosphorylation) or phosphorylation of another protein occurs. A phosphorylated recognition peptide recruits the binding of enzymes, adapter proteins that link the receptor to other enzymes, scaffold proteins, or negative regulators (Pawson, 1999) that ultimately lead to cell growth and motility. In cancer, mutation and/or overexpression of some RTKs lead to constitutive activity (i.e., independent of ligand activation). Some of the kinases linked to disease states include platelet-derived growth factor receptor, fibroblast growth factor receptor, vascular-endothelial growth factor receptor, epidermal growth factor receptor (EGF-R), HER-2, and src (Strawn, 1998) . Although a complete list of tyrosine kinase programs at Wyeth is proprietary, the EGF-R program, which is a prototype for the kinase programs at Wyeth, is discussed below. EGF-R is an RTK in which EGF, TGF-a, and other dimerinducing ligands leads to autophosphorylation of tyrosine residues at the C-terminus of the molecule. The phosphorylated receptor recruits adapter molecules and/or directly binds and activates enzymes in the Ras-raf-MEK, PI3K, and/or PLC pathways. Activation of EGF-R can lead to cell proliferation as well as a number of other important processes for tumor progression, including cell motility, invasion, cell survival and angiogenesis (Woodburn, 1999) . Overexpression and/or mutation(s) of EGF-R have been associated with a variety of solid human tumors and are believed to induce elevation and/or constitutive activation of EGF-R (Salomon, 1995) .
There is considerable precedent to justify the exploration of natural products as inhibitors of tyrosine kinases. Many natural products including genistein, lavendustin A, and erbstatin (all fungal products) are tyrosine kinase inhibitors known to inhibit multiple tyrosine kinases (Levitzki, 1995) . Since these compounds can be competitive and non-competitive with respect to ATP and/or peptide substrates, their lack of specificity may be understandable. Consistent with this, synthetic efforts based on erbstatin led to the development of tyrphostins that have improved potency and selectivity (Levitski, 1995) . It is likely that compounds that target the interaction of ATP with the catalytic domain of tyrosine kinases will be most interesting in the future. Despite the fact that a lack of specificity of such inhibitors might be expected, a high level of specificity among kinase inhibitors directed to the catalytic domain has been demonstrated (Woodburn, 1999) . As an example, Wyeth's irreversible inhibitor CL 387,785 binds to the catalytic domain of EGF-R alone, and modeling supports the hypothesis that specific modifications in the pharmacophore are essential for mediating specific interaction with an amino acid, cys 773 , that is uniquely found in the catalytic domain of EGF-R and not in other RTKs . Beyond this, six of the seven tyrosine kinase inhibitors in clinical trials are ATP competitive inhibitors. One of these clinical leads was derived from the natural product staurosporine a pan-kinase inhibitor, (Angeles, 1996) .
Like tyrosine kinases, protein serine-threonine kinases participate in critical regulatory functions in the cell including signal transduction (MAP kinases), cell proliferation (cyclin-dependent kinases) and apoptosis (Akt). One or more of these pathways is often deregulated in cancers, resulting in uncontrolled proliferation. Inhibitors of these kinases are, therefore, predicted to be useful in the treatment of a variety of malignancies.
One serine-threonine kinase program in the Wyeth Oncology Department is directed at identifying inhibitors of cyclin-dependent kinases (cdks). Cdks and their activating partners, the cyclins, regulate progression through the cell cycle. Different combinations of cyclins and cdks perform distinct functions at each stage of the cycle. In the gap 1 (G 1 ) phase, extracellular growth signals induce the synthesis and activation of the G 1 cyclin/cdk complexes (primarily cyclin D1/cdk4) (Hunter, 1997; Morgan, 1995) . These complexes cooperate to phosphorylate and inactivate the retinoblastoma gene product (pRb), which is required for the onset of DNA synthesis (S phase) (Angeles, 1996) . The G 1 cdks themselves are negatively regulated by a family of small protein inhibitors, the cyclin-dependent kinase inhibitors (cdkis) in response to growth-inhibitory environmental signals (Hunter, 1997) . Altered regulation of the G 1 kinases (by amplification of cyclins and cdks and/or inactivation of the cdkis) is observed in a variety of tumors (Kamb, 1994; Nobori, 1994; Hirami, 1995; Hall, 1996; Foulkes, 1997) . Potent and selective antagonists of these kinases will be useful in the treatment of tumors that have aberrantly regulated G 1 kinase activity. Natural products have provided a rich source of leads for the development of cdk inhibitors (e.g., butyrolactone, flavopiridol, and paullone). These compounds are competitive inhibitors of ATP, have broad activity against several cdks, and preferentially inhibit cyclin B/cdc2 (Meijer, 1997; Zaharevitz, 1999) . Structural studies with flavopiridol and other synthetic inhibitor complexes with cdks have revealed the mechanism underlying the specificity of these molecules for cdks (Meijer, 1997) . This information and the identification of new pharmacophores by high throughput screening will allow us to identify and develop novel cell cycle inhibitors with improved selectivity, potency, and pharmacological properties.
Molecular screening of the ARS Collection of Entomopathogenic Fungi (ARSEF) for secondary metabolite genes
The goal of this project is to identify fungi with the genetic potential to produce novel metabolites by using a molecular pre-screen to look for the presence of key genes predicted to be involved in natural product biosynthesis. Since polyketides, nonribosomal peptides, and polyketide/peptide hybrids are some of the most common biologically active natural products produced by microbes and other organisms, we focused on the identification of fungi that encode polyketide synthase (PKS) and nonribosomal peptide synthetase (PS) genes. Cloned PKS and PS genes from such fungi can then be used to assess gene expression and metabolite biosynthesis under a variety of nutritional and environmental conditions.
The ARSEF culture collection in Ithaca, NY, which was screened in this study, is the largest and most diverse repository of insect-associated fungi in the world. It contains more than 6100 accessions, 425 fungal taxa, and 100 genera from more than 900 hosts (including insects, mites, spiders, nematodes, other invertebrates, and cold-blooded vertebrates) from more than 1200 locations worldwide. As such, the collection represents a taxonomically characterized set of fungi with significant metabolic potential. Previously, a subset of this collection (157 isolates), which represented the overall diversity of the collection, was screened for the presence of polyketide synthase (PKS) genes (Lee, 2001) , and 42% of the fungi screened were shown to contain one or more PKS genes. The Churchill and Gibson labs extended the results of this study by screening many of the same subset of isolates for the presence of nonribosomal peptide synthetase genes. Degenerate primer pairs that hybridize to conserved domains within peptide synthetase (PS) genes were used against genomic DNA of 161 fungi to PCR-amplify fragments of PS genes. These fragments were cloned, sequenced, and analyzed by BLAST analyses (Altschul, 1990 ) to determine sequence similarities with genes in the NCBI/GenBank databases. These studies gave us the opportunity to identify taxonomically defined fungi that have the genetic potential to make nonribosomal peptides and/or polyketides, as well as hybrid molecules, and to target such isolates for further chemical analyses.
Molecular screen for peptide synthetase genes in fungi
In the Churchill lab, we have cloned and sequenced one or more peptide synthetase (PS) or PS-like gene fragments (ca. 150-1200 bp in size) from more than half of the fungi screened (161 isolates). We classified gene fragments into one of three PS or PS-like groups. Most PS gene fragments cloned are of unknown function and are from fungi not reported to produce nonribosomal peptides. These "unknown PS genes" have the potential to synthesize enzymes that make novel chemistries. A second class of genes was those most closely related to cyclosporin synthetase genes, which may participate in the synthesis of known chemistries (i.e., cyclosporin), variants of cyclosporin, or novel chemistries. The smallest number of fragments fell within the class of genes most closely related to the PS-like a-aminoadipate reductase genes, which may function solely in lysine biosynthesis or also participate in the synthesis of known secondary metabolites (e.g., b-lactams), variants thereof, or novel chemistries. Although we have grouped the PS gene fragments into these three classes, some of which are better defined than others, we emphasize that sequence similarity does not necessarily infer the function of any of these genes.
More than 70% of the PS-like gene fragments cloned from the ARSEF isolates have low similarity to fungal or bacterial PS genes with known or unknown functions, i.e., sequence similarity to already cloned genes with or without known functions is not sufficiently high for most sequences to suggest functionality. We propose that these genes have the greatest potential to synthesize novel chemistries. Twenty percent of the PS-like sequences were more similar to bacterial PS genes than to fungal genes. Of the approx. 30% of gene fragments having small E-values (i.e., defined here as <e-60), the great majority were highly similar to several different amino acid-activation domains of the simA cyclosporin synthetase (CS) gene from Tolypocladium niveum (Weber 1994) . The sequence similarities between many of the CS gene fragments and the known simA gene are high enough to suggest, but not prove, that the domains represented could be part of a functional cyclosporin synthetase gene. However, it is also possible that these CS-like fragments represent highly conserved amino acid-activation domains within functionally unique genes. Most of the fungi from which the CS-like fragments were cloned have not previously been reported to synthesize cyclosporin. Some CSpositive isolates also contain additional PS gene fragments of unknown function.
The remaining gene fragments with small E-values are most similar to fungal a-aminoadipate reductase (a-AAR) genes. a-AARs are fungal-specific proteins and a key enzyme in the evolution of fungal lysine biosynthesis. They are most closely related to bacterial peptide synthetases involved in antibiotic production (An, 2003) . a-Aminoadipate, which originates from the lysine biosynthetic pathway, is one of three amino acids to form the tripeptide ACV involved in the biosynthesis of penicillin and other b-lactam antibiotics (Martin, 1998) . Interestingly, more than half of the a-AAR fragments cloned from the ARSEF isolates had relatively low similarities to known a-AAR genes, suggesting the possibility that these genes encode enzymes that make novel chemistries.
Many of the fungi that encode PS sequences also contain PKS genes of unknown function, suggesting that these fungi make polyketides and nonribosomal peptides, and/or polyketide/peptide hybrid molecules. Additionally, many fungi from which PKS fragments were not detected in a previous screen (Lee, 2001) contained PS-type genes. The PS and PKS sequences cloned in this study will be of value in assessing gene expression in correlation with the production of novel metabolites. Fungi containing uncharacterized PS and/or PKS genes have the genetic potential to synthesize new chemistries if cultured under conditions that support metabolite gene expression. Such fungi have been targeted for further chemical prospecting, with extracts being tested in cell-and receptor-based anticancer assays by the Wyeth Research group. A manuscript describing the methodologies and detailed results of this molecular screen for PS genes in insect-associated fungi is in preparation. In conclusion, our genetic data suggest that a greater degree of metabolic diversity is present in fungi than is evident in chemical screening programs alone. Accessing this metabolic potential will likely prove to be a challenge but one that is worthy of serious effort since the chemical diversity of fungi has been just barely tapped to date.
Recent developments in the isolation of bioactive lead compounds Austocystin D (1)
Aspergillus isolate UGM218 was selected as a lead culture based on the activity of its fermentation extracts in the Wyeth 26-cell line panel. The 100-300 fold greater activities of these extracts against a cell line (MIP101) overexpressing the MDR1 p-glycoprotein multi-drug efflux pump (MIP) compared with a cell line (SW620) lacking the pump were of particular interest. In addition to this demonstrated selectivity, extracts from UGM218 were potent, as exemplified by an IC 50 for one of the crude extracts of <0.01 mg/mL against MIP. In order to identify the active components and to prepare pure compound for further testing, efforts were initiated early in 1998 in the Natural Products group at Wyeth to develop fermentation scale-up conditions. Extracted fermentation material from initial scale-up efforts was provided to Dr. Clardy (then at Cornell University) for compound isolation and chemical structure elucidation. Dr. Clardy and his team identified austocystin D (1) as the major component responsible for the differential MIP/SW620 activities using the material from these early fermentation efforts. The isolation of the active principle from the ethyl acetate extract of UGM218 involved a bioassay-guided fractionation using the closely related human tumor cell lines MIP101, which expresses multidrug resistance (mdr) by MDR1, and SW620, which does not. The assay followed the MDR-ratio, the IC 50 value of MIP101 divided by the IC 50 value of SW620. The crude extract typically had an MDR ratio of 0.01. A solvent separation scheme (hexane extraction of 90% aqueous methanol, carbon tetrachloride extraction of 80% aqueous methanol, and methylene chloride extraction of 60% aqueous methanol) was used initially and the best MDR ratio was in the carbon tetrachloride fraction. Further chromatography on a C18 flash column eluted with a step-gradient of methanol water gave fractions with MDR ratios from 0.0016 to 0.0047. From those fractions, austocystins D, H, and B were isolated, and austocystins D and H, but not B, were responsible for the activity. Structure elucidation was straightforward, and the spectral data and interpretations were in accord with those given by the Steyn group in their original isolation and structure determination of the austocystins (Steyn, 1974; Steyn, 1975) . In view of the close relationship of the austocystins with known Ames test mutagens, and suspected human carcinogens, it's worth noting that in the Ames test, austocystin D was not mutagenic (50 mg/plate) while austocystin H was mutagenic at the same dose. Metabolic activation enhanced the mutagenic effect (Kfir, 1986) . Metabolic activation undoubtedly involved epoxidation of the dihydrofuran ring on the right-hand side of austocystin D (1).
With this information available, austocystin titers in subsequent fermentations were monitored by HPLC rather than cytotoxicity assays. Scale-up yields observed for UGM218 were variable, and 1 L fermentations in Potato Dextrose Broth in 2.8 L Fernbach flasks were initially emphasized. Extracts of this isolate obtained from 10 L fermentors often yielded little activity, and conditions (air flow and agitation rates were varied) supporting consistent production of cytotoxic activity were not identified. With time, it was decided to evaluate another culture, Aspergillus ustus ATCC 36063, which is known to produce the austocystins, and fermentation on solid media, such as corn meal, as a means of promoting higher, consistent yields. Variables such as incubation temperature and water activity of the solid media were studied and optimized. Our data indicated that a combination of an improved seed medium, the use of cornmeal as a solid substrate, along with carefully controlled moisture conditions and an extended incubation time, resulted in consistent yields that were 3-to 6-fold higher than previously obtained. Roughly 65% of the total of 3923 mg of austocystin D generated in Wyeth fermentations by mid-2001 was accomplished in the last 1.5 years of the project employing solid medium conditions. In further testing at Wyeth, the IC 50 of austocystin D against MIP was determined to be 0.001 mg/mL, while its IC 50 against SW620 was 0.9 mg/mL. It was further demonstrated that austocystin D had approximately 20-fold more potency in cells lines where Pglycoprotein overexpression was either induced by drugselection or by transfection of the gene into a melanoma cell line. In addition, austocystin D was found to inhibit the growth of an MDR1-over-expressing tumor cell line placed into hollow fibers and implanted into nude mice. Further in vivo testing demonstrated that austocystin D (3-5 mg/kg administered daily on days 1-5 by intraperitoneal injection) profoundly inhibited the growth of a human colon carcinoma derived from LS174T, when the tumor was implanted into nude mice subcutaneously. However, upon further experimentation, it was concluded that the compound had a low safety window. Therefore, further development of austocystin D was terminated.
While the therapeutic window of austocystin D was too narrow for further development, it seemed possible that it could be a useful reagent to identify a sensitive target for cancer therapy. As described above, the effect of austocystin seems to be coupled to P-glycoprotein overexpression, but its effect is not the usual one seen for P-glycoprotein 'pump blockers'. Known pump blockers are by themselves not very toxic, and their utility, if any, is to restore sensitivity to other cytotoxic agents. Austocystin D's ability to selectively kill MDR cancer cells by itself suggests a different target. As is invariably the case, attempts to identify targets reflect the technology available at the time, and one of the most pressing needs in natural products research is generally applicable methods to identify targets.
The first attempt was to produce affinity reagents that could be used to identify austocystin D's target. The initial set of affinity reagents involved epoxidation of the 2,3-double bond and subsequent chemistry. These manipulations were all difficult as they proceeded in variable but typically low yield. While this approach was eventually abandoned for the approach described below, it did yield the austocystin D derivative shown as (2). Since this derivative had most of the potency and selectivity of the starting compound, it indicated that the presence of the 2,3-double bond was not absolutely essential for activity. We then turned our attentions to derivatizing the phenolic hydroxyls and were able to prepare the biotin-linked affinity reagent shown as 3. This reagent was used to pull down a few candidate proteins, but they all appeared to be common housekeeping proteins that were known to give false positives in affinity assays. It seemed likely that austocystin D's target might be an integral membrane protein or a low abundance cytoplasmic protein, either of which would be difficult to identify through classical affinity reagent methods.
The second attempt was to use microarray-based genome profiling of austocystin D. In this approach, cells are treated with the test compound, austocystin D, while companion cells are left untreated. Messenger RNA (mRNA) transcripts are then measured to eventually give the ratio of mRNA transcripts in treated vs. untreated cells. We used yeast cells as the yeast genome was well characterized and microarrays covering essentially the entire genome were available to us.
This approach showed that a total of 59 mRNA transcripts were upregulated, approximately 1% of the genome, but the overall response was rather "flat". This result was not totally unexpected as austocystin D is not very toxic to yeast. However two transcripts that were upregulated are worth noting. One, YKR104W is a member of the ATP-binding cassette (ABC) superfamily. Its closest human homolog is ABCC4 (44% identity). The yeast protein interacts with the RIB4 gene product, a riboflavin biosynthesis pathway enzyme. The second, YPR156C, encodes a member of the drug : proton antiporter DHA12 family of multidrug efflux proteins in the major facilitator superfamily. Homologs cannot be found in human by sequence homology, but they do exist in rats. The yeast protein interacts with three proteins, two with unknown function and the third is a homolog of Erv1, which is a flavin-linked sulfhydryl oxidase essential for mitochondrial biogenesis and cell viability. The search for austocystin D's target continues, and experiments with human gene microarrays at Harvard Medical School are beginning.
Namenamicin (4)
An extract of the orange sheet ascidian Polysyncraton lithostrotum showed very potent cytotoxicity. Crude extracts obtained from multiple collections of this organism generated reproducible MeanGraph profiles, which showed very high correlation (rho = 0.914) with those of calicheamicin, Figure 4 . All of these data were indicative of a DNA cleavage agent; however structure determination studies were hampered by the very low yield of the compound in the extracts, 10 -4 %. Ultimately, a collection of 7 kg of tissue from Namenalala reef in the Fiji Islands yielded 3 mg of the active metabolite that we named namenamicin (4). Namenamicin contains the same "enediyne warhead" as the calicheamicins, however, the attached carbohydrate moiety differs in replacement of the N-O sugar linkage between the A and B sugars with a C-O, an S-methyl substituent at A4, and the absence of a benzoate ring appended to the B sugar. Namenamicin exhibited potent in vitro cytotoxicity with a mean IC 50 of 3.5 ng/ml in Wyeth's cell panel and in vivo antitumor activity in a P388 leukemia model in mice (ILS 40 @ 3 g/kg). The sequence specific DNA interactions of namenamicin were mapped on a 142 base pair pBR322 restriction fragment (Hind III-NciI) and compared to calicheamicin 8 1 I . Namenamicin produced fewer high specificity cleavage sites than calicheamicin and cleaved DNA less efficiently. There were some similarities in the sequence specific recognition patterns between the two compounds and several distinct differences. For example, TCCT, the primary recognition site for calicheamicin was cleaved with greatly diminished cleavage intensity. The primary recognition site for namenamicin in this restriction fragment was 5¢ATCTA3¢ with cleavage occurring at C. This was also a strong recognition site for calicheamicin but cleavage occurred at the 5¢T residue. Interestingly, TTGT, a strong cleavage site in the case of calicheamicin was not cleaved by namenamicin (McDonald, 1996) . The observations that namenamicin produced fewer high affinity cleavage sites and a slightly altered recognition pattern are consistent with its truncated structure. The lowered cleavage efficiency and the altered selectivity are possibly due to the absence of the rhamnose sugar and thiobenzoate ring and more importantly due to the change in glycosidic linkage between the A and B ring sugars. The C-O linkage could conceivably enhance flexibility, thereby lowering the DNA binding energy and consequently decreasing sequence selectivity. Namenamicin represents the first enediyne isolated from a marine organism and also from a non-microbial source. Because of Wyeth's extensive experience with this class of compounds, most notably the calicheamicins, a program was initiated to isolate and characterize the microbial population associated with Polysyncraton lithostrotum to see if a microbial symbiont might be involved with the production of namenamicin. To isolate the microorganisms associated with the tunicate, 10 grams of ascidian were macerated and plated onto eight different selective agars. After a one month incubation, 41 eubacteria, 17 actinomycetes and two fungi were isolated and taxonomically characterized ( Table 1 ). All of these isolates were fermented in 8 different media and tested in the BIA for DNA-damaging activity. Four isolates, three different Micromonospora species and one halophilic Gram-negative eubacterium, were active in this assay. The halophilic Gram-negative isolate, designated strain LL-14I352, was shown to be a halophilic, nonmotile, pleomorphic, eubacterium with a morphologically complex life cycle. Large-scale fermentations were carried out to furnish material for isolation and structure elucidation. Two BIA-active compounds were isolated and were designated LL-14I352 a and b (5-6). The a compound contained a phenazine moiety linked to an uncommon b-hydroxy valine residue through an ester bond. The b component structure was established based on its molecular weight and the fact that hydrolysis of a yields b. The a component demonstrated antitumor activity with a mean IC 50 of 0.48 mg/ml in cell culture based cytotoxicity assays, while b had a mean IC 50 of 1.8 mg/ml in this system. However, in animal experiments, both LL-14I352 a and b were inactive in a murine P388 leukemia model. This lack of in vivo activity may be due to the fact that LL-14I352 a is chemically unstable and converts to the less active b. At the same time our work was in progress, Imamura et. al (1997) described these same compounds and called them pelagiomicins. The microorganism that produced their compounds was described as a new marine bacterium and classified as a new genus and given the name Pelagiobacter variabilis.
Extensive work on the Micromonospora spp. both in liquid fermentation and on agar surface growth has demon- strated BIA activity from these cultures. Among these actinomycetes, a halophilic strain was identified as a new species of the genus Micromonospora on the basis of its morphological properties and 16S rDNA sequence and was named "Micromonospora lomaivitiensis". The fermentation broth of this organism exhibited potent BIA activity and was extremely cytotoxic against a panel of cancer cell lines. Using BIA-guided fractionation, two novel dimeric diazobenzofluorene glycosides, responsible for the bioactivity, were isolated and designated lomaiviticins A and B (He, 2001) . Lomaiviticins A (7) and B (8) were produced by fermentation of the organism in a seawater-based liquid medium. The active compounds were recovered by incorporating HP-20 resin in the fermentor. The active material was eluted from the resin and purified by chromatography to afford lomaiviticins A (70 mg) and B (12 mg) from 70 liters of broth. The molecular formula of 7 was determined by high resolution Fourier transform ion cyclotron resonance (FTICR) mass spectrometry to be C 68 H 80 N 6 O 24 . Initial analysis of the 1 H and 13 C NMR spectral data in CD 3 OD indicated the presence of 34 carbons and 36 unexchangeable protons, which only accounted for half of the carbons and less then half of the protons in the molecular formula. Therefore, 7 was most likely a symmetric dimer. Detailed analysis of NMR data, including 2-D 1 H-1 H COSY, TOCSY, 1 H-13 C HMBC, and HMQC spectra, revealed several substructures which were assembled with the aid of ROESY data. Lomaiviticin A (7) was determined to be a dimeric benzofluorene glycoside attached to two diazo functional groups at C-5, and -5¢. The chemical shifts for C-5 and -5¢ at d 78.8 were consistent with the literature data for the corresponding carbons in the monomeric benzofluorene antibiotics, kinamycins (Mithani, 1994) . The molecular formula of lomaiviticin B was determined to be C 54 H 56 N 6 O 18 by high resolution FTICR mass spectrometry. Similar to lomaiviticin A, this compound was also considered to be a symmetric dimer. By comparison of the NMR data with 7, 8 lacked proton and carbon signals for the sugar moieties B and B¢, and the ketone signal at d 198.4 in 7 was replaced by a hemiketal resonance at 96.5 in 8. Therefore, the center region of compound 8 was elucidated to be a fused furanol system that was supported by the 1 H-13 C correlations in an HMBC spectrum. The remaining portions of the molecule, for example, the two units of diazobenzofluorene and the sugar moieties A and A¢, were determined to be identical to lomaiviticin A. Lomaiviticin B may be derived from lomaiviticin A by formation of furanol rings between 3-hydroxyl and 1¢-ketone and between 3¢-hydroxyl and 1-ketone following hydrolysis of sugars B and B¢. The nature of the lomaiviticins interaction with DNA is still under investigation.
Stylissa massa
Raf/MEK/MAPK proteins play crucial roles in cellular signaling processes downstream of the RTK growth factors such as EGF-R. The Ras-MAPK signaling cascade (MAPK module) is found in all eukaryotic organisms and is involved in transmitting signals from the extracellular compartment into the cytosol and nucleus (Robinson, 1997) . This cascade is activated by GTP-loaded Ras which recruits Raf-1 (c-Raf) to the inner cell membrane where it is activated by phosphorylation. Activated Raf-1 phosphorylates and activates the dual specificity kinase MEK (MAP kinase kinase) on two different serine residues (Lewis, 1998; Kolch, 2000) . Activated MEK-1 phosphorylates and activates MAPKs (Mitogen-Activated Protein Kinases), that can translocate to the nucleus and modulate cytoplasmic events such as cell proliferation and differentiation, through the phosphorylation of a variety of substrates (Lavoie, 1996; Barbacid, 1987) . Since the oncogenic form of Ras is associated with 30% of all cancers, Ras and the downstream kinase effectors of Ras, represent attractive targets for pharmacological intervention. Both in vitro and in vivo studies have shown that selective Raf and/or MEK-1 inhibitors are important pharmacological targets (O'Dwyer, 1999; Sebolt-Leopold, 1999; Lackey, 2000) . Raf/MEK-1/MAPK cascade assays, as well as individual Raf, MEK-1, or MAPK activity assays, have been described McDonald, 1999) . A sensitive, nonradioactive, high-throughput Raf/MEK-1/MAPK cascade ELISA was recently developed by Wyeth (Mallon, 2001) . Using this assay, we have screened several thousand marine sponge extracts to identify inhibitors of this signaling cascade. The extract of the sponge Stylissa massa collected from the Philippines showed significant activity in this assay. Bioassay-guided fractionation yielded a family of known pyrrole alkaloids 9-16 (Tasdemir, 2002) . In secondary assays, 10E-hymenialdisine (12) and 10Z-hymenialdisine (13) were shown to be potent inhibitors of MEK-1 with IC 50 's of 3 and 6 nM, respectively. Hymenialdisine has recently been reported to display significant inhibitory potential against a number of cytoplasmic kinases (Meijer, 2000; Curman, 2001) , however, this represents the first report of activity for this class of compounds specifically against MEK-1. None of the compounds displayed activity in the Raf to MEK-1 assay, whereas all compounds showed essentially identical IC 50 values in the MEK-1 to MAPK assays (Table  2) as in the Raf/MEK-1/MAPK cascade assay. For comparison, the IC 50 values of staurosporine and PD98059 (Pang, 1995) , in both Raf/MEK-1/MAPK ELISA and secondary assays are shown in Table 2 . This activity profile prompted us to test compounds 9-16 for their abilities to inhibit the growth of two human colon tumor cell lines, LoVo and Caco-2. LoVo cells have been shown to be sensitive to growth inhibition by farnesyl protein transferase inhibitors (FTIs) at low nM levels (Lerner, 1997) . Sensitivity of LoVo cells to FTIs is attributed to the presence of mutant activated K-Ras. Mutant K-Ras causes activation of the Raf/MEK-1/MAPK signaling cascade that emanates from Ras, thus inhibitors of Raf or MEK-1 should inhibit LoVo growth. Table 2 shows that the most potent MEK-1 inhibitors, 10E-hymenialdisine (12) and 10Z-hymenialdisine (13), also inhibited growth of LoVo cells (IC 50 's 586 and 710 nM, respectively). Caco-2 contains wild-type K-Ras, which correlates with resistance to the growth inhibitory effects of FTIs (Lerner, 1997) . 10E-hymenialdisine (12) and 10Z-hymenialdisine (13) were significantly less active against Caco-2 cells (Table 2) . Hamilton FTI-276, a known Ras inhibitor is also included in Table 2 for reference. No further development studies with the hymenialdisines are planned at this time.
The hemiasterlins: HTI-286 (29)
The development of the anticancer clinical candidate HTI-286 started with a series of collecting expeditions to Papua New Guinea in the late 1980s. The goal of the trips was to collect marine invertebrates, mainly sponges, to provide a wide diversity of natural product extracts for a murine P388 in vitro cytotoxicity screening program. This effort was being conducted as a collaboration between Theresa Allen in the Department of Pharmacology at the University of Alberta and Raymond Andersen at the University of British Columbia. The crude extract of one of the sponge specimens, a Cymbastela sp., showed extremely potent activity in the assay and consequently it was selected for chemical study.
Bioassay-guided fractionation of the extract initially resulted in the isolation and structure elucidation of the known cyclic depsipeptides geodiamolides A (17) and B (18) along with the new analogs C (19) to F (22) (de Silva, 1990) . Publication of the structures of 19 to 22 along with the first report of the potent in vitro cytotoxicity of pure compounds and promising in vivo activity against P388 exhibited by the crude Cymbastela sp. extract attracted the attention of scientists at NCI. They inquired about the possibility of getting sufficient quantities of the various geodiamolides for testing in their in vivo hollow fiber assay. In order to satisfy the NCI requirements for mg quantities of the geodiamolides, the source sponge was recollected in 1993. Bioassay-guided fractionation of the extract from the new specimens again yielded the desired geodiamolides, but also led to the isolation of the cytotoxic peptides 23 to 27, which were initially named criamides A to E after the Christiansen Research Institute, where some of the sponges had been collected. The constitutions of peptides 23 to 27 were elucidated by analy- sis of NMR and MS data and the absolute configurations of the N-methyl homo vinylogous valine (MHVV) and tertleucine residues were shown to be L by chemical degradation followed by Marfey's analysis (Coleman, 1995) . The configuration of the tetramethyltryptophan residue was shown to be L by single crystal x-ray diffraction analysis of the methyl ester of hemiasterlin (Coleman, 1996) . While Theresa Allen was in the process of defining the biological activity of peptides 25 to 29, two papers appeared in the literature at essentially the same time describing in one case the structure of peptide 23 and in the second case the structure of the closely related tripeptide 28. Crews et al. reported isolating milnamide A (28) and jaspamide from specimens of Auletta cf. constricta also collected in Papua New Guinea (Crews, 1994) . The configurations of the amino acids in 28 were not determined. Milnamide A (28) was reported to have in vitro cytotoxicity against several cell lines with IC 50 's in mg/mL of 4.1 (A549), 2.8 (HT-29), 3.8 (B16/F10), and 0.74 (P388). Kashman and co-workers isolated tripeptide 23 along with jaspamide and geodiamolide TA from the sponge Hemiasterella minor collected in South Africa (Talpir, 1994) . They named peptide 23 hemiasterlin after the genus name of the source sponge. Very small amounts of hemiasterlin (23) were obtained by Kashman's group, precluding a determination of its absolute configuration. However, the optical rotation reported for the H. minor derived sample of 23 was similar to that measured for the sample isolated in the Andersen lab from Cymbastela sp. indicating that both tripeptides had all L amino acids. Kashman reported that hemiasterlin was cytotoxic against P388 with an IC 50 of ca. 0.01 mg/mL. However, he cautioned that ". . . as hemiasterlin . . . might have contained impurities of jaspamide, the assays will have to be repeated when additional amounts of hemiasterlin . . . will be available" (Talpir, 1994) . The PNG specimens of Cymbastela sp. provided sufficient quantities of the hemiasterlins 23 to 25 and criamide A (26) to allow Allen to determine more accurate IC 50 's for their in vitro cytotoxic activities (Table 3) . The most striking result was the measured IC 50 of 0.05 ng/mL for hemiasterlin (23) against P388, which indicated it was approximately a thousand-fold more potent than reported by Kashman. Based on these encouraging in vitro activities, Allen evaluated hemiasterlin in an in vivo P388 murine leukemia model and she found that it gave a %T/C 308 (5 doses @ 0.45 mg/mouse). It was also tested in an in vivo Gzhi (metastatic murine breast cancer) model (5 doses @ 1.0 mg/mouse) with the result that 60% of the mice were long-term survivors.
Based on the promising in vitro and in vivo activities documented for hemiasterlin by Allen, the Andersen lab in collaboration with E. Piers at UBC initiated a chemical synthesis of the compound. In addition, a small sample of hemiasterlin was sent to Lederle Laboratories of American Cyanamid as part of a pre-NCDDG collaboration between Bill Maise at Lederle and Andersen's group at UBC. Rob Kramer at Lederle ran hemiasterlin through his cell-line panel and determined a mean bar graph profile for the compound which confirmed its broad spectrum in vitro cytotoxicity and generated an 'interesting' differential cytotoxicity (mean bar graph) profile. This was the state of affairs when the first Ireland NCDDG proposal was submitted in September 1994 and further progress on the compound awaited the completion of the total synthesis.
The objectives of the total synthesis of hemiasterlin were several-fold. Primary among these was to solve the supply problem. It was clear that no matter how promising the activity of the compound, it was never going to generate serious interest at Cyanamid unless there was an efficient method to produce sufficient material for further testing and to demonstrate that in the long-term there was the possibility of an industrial method of production. Secondary, but equally important goals, were to demonstrate that the biological activity of the natural material actually came from the defined structure and not some very potent impurity, and to explore the SAR for this family of tripeptide cytotoxins with an eye towards making more potent analogs and analogs that were easier to synthesize.
The synthetic route to hemiasterlin and related analogs followed a convergent approach that involved synthesis of each of the appropriately protected N-terminal and Cterminal amino acids and subsequent coupling via standard methods to protected central aliphatic amino acids that were commercially available. Scheme 1 outlines the synthesis of Boc-protected tetramethyltryptophan, the N-terminal residue in hemiasterlin, and Scheme 2 outlines the synthesis of the ethyl ester of MHVV, the C-terminal residue. The steps involved in coupling the three amino acid residues into the natural product hemiasterlin (23) are shown in Scheme 3. Completion of the synthesis of hemiasterlin in mid 1996 provided sufficient material for additional biological evaluation of the compound . The in vitro cytotoxic IC 50 s for synthetic hemiasterlin (23) were found to be identical with the IC 50 's for the natural product isolated from Cymbastela sp. Michel Roberge in the Biochemistry Department at UBC used a sample of the synthetic material to examine its mechanism of action. Roberge and co-workers found that hemiasterlin induced cell cycle arrest in mitotic metaphase (Andersen, 1997b) . At low concentrations, it produced abnormal mitotic spindles like other microtubule inhibitors such as the Vinca alkaloids, and at higher concentrations, it caused microtubule depolymerization. Roberge concluded that hemiasterlin exerted its potent cytotoxic effects by inhibiting microtubule dynamics. Peter Lassota at Cyanamid carried out further investigations of hemiasterlin's interaction with tubulin. Although the results were never published, Lassota showed that hemiasterlin inhibited tubulin polymerization and had data to suggest that it was a noncompetitive inhibitor of vincristine binding to tubulin. Re-examination of hemiasterlin in Cyanamid's 26 cell-line panel showed that its mean bar graph profile had strong similarities to that of the antimitoic agent taxol, as expected. Subsequently, Hamel and co-workers have provided more details of the interaction of hemiasterlin with tubulin (Gamble, 1999; Bai, 1999) . They found that it was a competitive inhibitor of dolastatin 10 binding to tubulin and that it interfered with nucleotide exchange on b-tubulin. As part of the ongoing examination of hemiasterlins in the Andersen lab, more than 25 analogs of hemiasterlin were synthesized and evaluated for in vitro cytotoxicity and antimitotic activity against human breast cancer MCF7 cells (Andersen, 1999; . A new cell-based assay developed by Roberge was used to determine the antimitoic activities (Roberge, 2000) . Figure 5 summarizes the first SAR information obtained for this family that came from evaluating these analogs. One of the synthetic analogs, a compound initially designated SPA 110 (29) (SPA: synthetic peptide analog) , was found to be approximately three-fold more potent than the natural product hemiasterlin (23). All of the other synthetic analogs were less potent. In addition, synthesis of the N-terminal amino acid in SPA 110 (29) (Scheme 4) was shorter (seven fewer steps) and higher yielding than the synthesis of the tetramethyltryptophan residue in hemiasterlin. Based on its ease of synthesis and its favorable cytotoxicity profile, tens of mg of SPA110 (29) were provided to Cyanamid (now Wyeth) for more in-depth biological evaluation. As a result of extensive in vivo tests (vide infra) conducted at Wyeth on SPA110, this compound was selected as a candidate for preclinical development and given the Wyeth code number HTI-286 (HTIhemiasterlin tubulin inhibitor) . Wyeth's interest in hemiasterlins was multi-fold. First, Wyeth wanted to further explore the SAR beyond what Andersen's laboratory had provided. The second goal was to evaluate the potency and efficacy of hemiasterlin analogs in paclitaxel-sensitive and paclitaxel-resistant cell lines and tumor models. This would help justify clinical development of the agent. The third goal was to determine if resistance to HTI-286 might be encountered and if so, what could be the mechanistic basis of the phenotype. Finally, Wyeth hoped to understand the drug binding sites of hemiasterlin analogs within tubulin. The Wyeth Medicinal Chemistry Group dedicated a large synthetic effort to systematically explore each position of the tripeptide to achieve a thorough understanding of the SAR of HTI-286 (Fig. 6 ). Functionality required for activity, as well as positions tolerant of functionalization, were further elucidated. A key feature crucial for activity was branching at the beta position of the B-piece amino acid with the correct S configuration. The CD-piece olefin (a further subdivision of Andersen's "C" region) was not required for activity as reduction gave a diastereomer that retained substantial potency. The A-piece amine was necessary and activ- ity was lost if it was acylated or replaced with carbon or a heteroatom. Disubstitution on nitrogen was tolerated but groups larger than ethyl led to significant loss of activity. The A-piece geminal dimethyl group was critical with removal of either diastereotopic methyl group leading to a loss of potency. The A-piece phenyl ring could be replaced with other lipophilic groups (consistent with the activity observed for hemiasterlin (23)) and was tolerant of a wide variety of substituents. The D-piece carboxylic acid could be esterified with retention of potent in vivo activity. D-piece amides could be quite potent with selection of the proper substituents. Proline gave a low nM analog and use of segments from the peptides dolastatin-10 or cemadotin gave sub nM compounds.
Based on the initial cell-based profiling of hemiasterlin, and subsequently more extensive analyses with HTI-286 in cells that had known mechanisms of resistance to paclitaxel, Wyeth established that HTI-286 had activity in tumor cell lines and human tumor xenograft models that were resistant to paclitaxel and Vinca alkaloids . For example, it was found that only 2-and 80-fold resistance to HTI-286 was found in cells that have approximately 20-and 1400-fold resistance to paclitaxel, respectively; the amount of resistance depended upon the level of expression of Pglycoprotein (Table 4) . This was a critical distinction since resistance, either at the onset of therapy or during multiple rounds of treatment, occurs to all anti-microtubule agents currently used to control the growth of solid tumors in patients (Rowinsky, 2001) . Furthermore, taxanes are the principle anti-microtubule agents used in therapy for lung, breast, and ovarian cancers (Rowinsky, 2001) . While the basis for resistance to agents such as the Vinca alkaloids or taxanes is complex in patients, in tissue culture systems, the ABC transporter known as P-glycoprotein mediates profound resistance to these agents in tissue culture systems (Dumontet, 2000) . In addition, point mutations in tubulin mediate selective resistance to paclitaxel and epothilones (another microtubule stabilizing class of natural products) (Altmann, 2003) . HTI-286 also overcame this mechanism of resistance . Beyond the in vitro data, HTI-286 inhibited the growth of tumors derived from cells that did not overexpress P-glycoprotein (and were sensitive to taxanes) as well as those that overexpressed P-glycoprotein and failed to respond to paclitaxel given on an optimal schedule and dose (Table 5 ). After extensive testing for tolerability and metabolism in rats and dogs, it was deemed that HTI-286 had a safety profile that would allow testing in humans. A Phase I trial in humans for the treatment of cancer has been completed (Ratain, 2003) . Tolerated doses have been established and Phase II testing is in progress. Since resistance to all anticancer agents has been encountered in the clinic, it is anticipated that resistance to HTI-286 would also be encountered. To help understand which patients might benefit the most from therapy with HTI-286, the laboratories of Lee Greenberger and Frank Loganzo (Wyeth) and Tito Fojo (NCI) selected tumor cell lines for resistance to HTI-286 in tissue culture and then attempted to determine the mechanistic basis for the resistance. To do this, two distinct cell lines, 1A9 ovarian and KB-3-1 epidermoid carcinoma cells , were selected for resistance to HTI-286 in a step-wise fashion. The cell lines had similar but distinct phenotypes. Both cell types were about 10-15 fold resistant to HTI-286 and analogs. In addition, cross-resistance was observed to some agents that bind to the vinca site (i.e., vinblastine, rhizoxin) or vinca-peptide site (i.e., dolastatin-10) within tubulin (Hamel, 1996; Hamel, 2002) , but little or no resistance was observed to taxanes or colchicine. In fact, enhanced sensitivity to tubulin polymerizing agents was seen in the 1A9 cells selected for HTI-286 resistance. These data are consistent with the hypothesis that hemiasterlin binds to the Vinca-peptide binding site in tubulin (Hamel, 2002) that is distinct from colchicine or taxane binding domains. Mechanistically, no increase in P-glycoprotein or mdr1 RNA was found based on immunoblotting and RT-PCR methodology, respectively. However, point mutations, mostly in alpha tubulin, were found in both series of resistant cell lines, and they may be useful in identifying HTI-286 -tubulin interaction sites. Beyond this, the HTIselected KB cells had energy-dependent low drug accumulation that would be consistent with the expression of a novel ABC transporter (Gottesman, 2002) .
While the data on the mechanism of resistance to HTI-286 suggested possible binding sites for the agent, Wyeth pursued an independent path to identify such sites. Since the SAR of HTI-286 was well defined, Arie Zask and Joshua Kaplan were able to synthesize potent radioactive photoaffinity analogues of HTI-286 that might mimic the parent molecule . Researchers at Wyeth were able to show that two of these molecules, designated probe 1 and 2, retain high affinity for tubulin, were potent inhibitors of tumor cell growth, and were potent inhibitors of tubulin polymerization in a cellfree system (Table 6 ). Maria Nunes demonstrated that both probes bound exclusively to alpha tubulin, even though both alpha-and beta-tubulin were present in a 1 : 1 ratio (Fig. 7) . The binding of both probes to tubulin was competed by non-radiolabeled probe. To date, probe 1 has been studied in detail, while further studies with probe 2 are in progress. It was found that the binding of probe 1 to tubulin was competed by dolastatin-10, and Vinca alkaloids, but not by colchicine or paclitaxel. In fact, the latter two agents enhanced the binding under certain conditions. The labeling site for probe 1 was localized to residues 314-334 of alpha-tubulin that, based on electron crystallographic analysis of zinc-induced tubulin sheets (Nogales, 1999) , corresponded to the sheet 8 -helix 10 region of tubulin (Fig. 8) . This region has longitudinal interactions with beta-tubulin and lateral interactions with adjacent protofilaments (Bai, 1999) . It may explain why hemiasterlin induces abortive attempts to form microtubules (Hamel, 2002) . Although mapping drug-binding sites within tubulin using photoaffinity labeling has limited resolution (Downing, 2000) and certain technical limitations, these data are the first to suggest that the peptide-binding site resides in alpha tubulin. The rest of the binding site either straddles the inter dimer alpha-beta tubulin interface -between dimers -or resides solely within alpha-tubulin. This contrasts with the colchicine binding site that straddles the intra dimer alpha-beta tubulin interface, and the paclitaxel binding site that resides solely in beta-tubulin (Downing, 2000) . Ultimately, HTI-286 co-crystallized with tubulin will be needed to better understand the interaction of hemiasterlin analogs with tubulin. a Figure 8 . Site of major photoaffinity labeling domain by probe 1 within the model structure of tubulin as determined by Nogales, 1999. 
